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2The basic properties of black holes in higher dimen-
sions are by now well understood. We will be exclusively
concerned with black holes near the end of their life when
their mass M
bh
is larger than M

but their horizon r
h
is smaller than the size of any compact dimension. The
reasons for this are twofold: It is in this regime that
the evaporation is expected to be non-universal, and sec-
ondly future collider or cosmic-ray production is expected
to create black holes whose mass is not too much larger
than M

. In all analyses below we treat black holes as
semi-classical D-dimensional objects. We briey outline
their salient properties. The horizon of a D-dimensional































is the volume of a unit D-sphere. The D-dependent nu-
merical factor on the far right-hand side of (3) varies


















for any number of dimensions 4  D  11. Interestingly,
in four dimensions the temperature is exactly equal to
the reduced Planck scale T = M
Pl





. Similarly, with our denition of M

, a
higher dimensional black hole has a temperature almost
identical to M






No other choice of denition of the higher dimensional
Planck scale has this property.
We imagine that quarks and leptons are brane-
localized elds with the smallest physically reasonable
Gaussian width 1=M

. Quarks live on a \quark brane",
while leptons live on a \lepton brane", physically sepa-
rated by a distance L  (10{100)=M

, where the uncer-
tainty in the separation length depends on the nature
of the induced proton decay operators. We shall opti-
mistically assume L  10=M

is suÆcient to suppress




which should be correct upon integrating out all but the
most bizarre (wormhole-like) eld congurations. Gauge
and Higgs elds must propagate in the bulk so that
quarks and leptons interact with one another just as in
the Standard Model. Of course gauge and Higgs elds







, etc., with couplings that may dif-
fer signicantly from one-brane-localized models [11]. In
extra dimensional models with bulk gauge and Higgs
elds but localized matter fermions, there are strong ex-
perimental constraints on the mass of the lightest KK
gauge boson from precision electroweak measurements
(see, e.g., [12]). Although no analysis has been done for
this particular scenario, it is quite reasonable to expect
bounds similar to those found for all matter stuck to the




2{5 TeV. This means that
the scale of quantum gravity M

 20{50 TeV.
This is a somewhat large scale requiring ne-tuning of
the Higgs mass to one part in about a thousand. How-
ever, a larger M

has several well-known advantages.
Generic four-fermi operators suppressed by 1/TeV give
rise to large contributions to avor-changing neutral cur-
rents, CP violating phenomena, etc., that cannot be for-
bidden by discrete (gauged) symmetries. Here, with M

in the tens of TeV region, these dangerous operators are
naturally suppressed with order one coeÆcients. For ex-
ample, a recent analysis of the constraint arising from





[13], roughly in alignment with the scale in our scenario.
Another advantage of a larger scale for quantum gravity
is that it allows one fewer gravity-only extra dimensions.
The constraints on two extra dimensions from Supernova
cooling [14] suggestM

should be larger than tens of TeV,
but this is automatically satised in our setup. We are
therefore content with two or more gravity-only extra di-
mensions that open up at long distances (up to 0:1 mmor
so), and one extra dimension with gauge and Higgs elds
propagating in the bulk to open up around a few TeV.
The resulting volume of compactied space is arranged
such that M

is of order 20{50 TeV.
Black hole formation can occur astrophysically, such
as from primordial density uctuations in the early uni-
verse, through high-energy cosmic-ray collisions, or at a
suÆciently high energy collider. There are by now several
arguments suggesting black hole formation can occur at
colliders [2, 3, 15] (but for opposing views see [16]). The
arguments in favor of black hole formation are persua-
sive, but we emphasize that the evaporation spectrum is
modied near the end of a black hole's life no matter how
it was formed.
The decay of a thermalized black hole proceeds
through Hawking radiation [5]. The evaporation rate of




















where k is the (n   1)-momenta of the particle living in
n dimensions, c
i
is the multiplicity of the species, and 
s
is the absorption cross section often simply referred to
as the greybody factor. Note that the number of dimen-
sions, n, in which a particular standard model eld lives
3should not be confused with dimensionality of spacetime
D. We nd it convenient to rewrite the greybody factor
as a dimensionless constant normalized to the black hole
surface area A
n





























The greybody factor  
s
is in general both spin- and
energy-dependent. Greybody factors were rst calcu-
lated by Page [17] for four-dimensional black holes.
Higher dimensional greybody factors have not been cal-
culated except for scalars [18]. As was emphasized in
[17, 19], one needs the full energy dependence of the grey-
body factor to calculate the full emission spectrum. How-
ever, the integrated power emission is reasonably well
approximated by taking the high energy limit of  
s
, the
geometric optics approximation. A black hole acts as a
perfect absorber of a slightly larger radius, r
c
, given in















We shall employ this approximation to compute the par-
ticle emission and energy spectra in our setup. The one
nal renement that we incorporate is to correct for the
diering power into spin-0, spin-1/2, and spin-1 modes
known in four dimensions by integrating the spectra nu-
merically [17]. This results in a suppression of power into








' 1=4 : (11)
Once higher dimensional energy-dependent greybody fac-
tors become available, they could be easily incorporated
here, although we do not expect any qualitative changes
to our results.
























































































 (n  1)(n   1)
(15)
where f = 1 for bosons and f = 1   2
2 n
for fermions.
For our setup, the ratio of the emitted ux into a single

















The numerical factor 2:2 corresponds to a (D;n) = (7; 5).
Varying the dimensionality 7  D  11 and 5  n 
D   2 one nds the numerical factor ranges from 1:4 to
3:5. Hence, our ux estimates should be valid to within
a factor of 1:5 for a wide range of models.
The direct emission rate is now straightforward to cal-
culate. For a black hole in D = 7 dimensions with
gauge/Higgs elds in n = 5 dimensions, we simply use























to obtain the following relative direct particle emission
rates for a black hole whose horizon size is smaller
than the separation distance between quarks and leptons.
With our formalism there is no sum over the KK states of
ve dimensional elds; this is fully accounted for in the
particle multiplicities and the n-dimensional ux emis-
sion rate (15). For the neutrino multiplicity, both left-
and right-handed neutrinos were included. In ve dimen-
sions each gauge boson has three physical polarizations,
and the bulk Goldstone bosons can be absorbed in the
W



















Assuming a black hole is formed on the quark or lepton
brane and does not wander o (this is unlikely for both
energetic [9] and kinematic reasons), we nd
q : ` : g : W

; Z : h : 
quark brane 108 : 0 : 8 : 7:1 : 1:4 : 1
lepton brane 0 : 36 : 8 : 7:1 : 1:4 : 1
Accounting for gauge boson decay and top quark decay,
then associating each quark or gluon as a single jet, we
can estimate the nal jet to charged lepton to neutrino
(plus graviton) to photon ratio,
jets : `

: invisible : 
quark brane 113 : 8 : 7:5 : 1
lepton brane 17 : 20 : 19 : 1
This leads to very striking consequences for black
hole production and evaporation. At a hadron collider,
the types of partonic collisions include quark-on-quark,
quark-on-gluon, or gluon-on-gluon. The rst two types
4of partonic collisions produce a black hole on the quark
brane that evaporates into the nal state particles as
specied above. Gluon fusion, however, could naively
create a black hole anywhere in the extra dimension(s) in
which gluons can propagate. The evaporation spectrum
is likely to be quite unusual, dominantly into bulk modes
only. However, gluon fusion is not expected to be a dom-
inant production process due to the relatively low gluon
luminosity for producing a very heavy object. For illus-
tration, consider a VLHC with a center-of-mass energy
of 200 TeV. The production cross section for M
bh
= 50
TeV for D = 11 from qq annihilation is about 15{110 fb
for M

= 20{50 TeV, leading to a few thousand events
annually. We have argued that M

must be at least in
the tens of TeV region in our setup, and so the LHC
and lepton colliders are not energetic enough to produce
black holes, although they could nd the KK excitations
of gauge/Higgs bosons. (Collisions of heavy nuclei might
also be of interest [20].)
Black holes could also be produced through high en-
ergy cosmic-ray collisions. If the primary incident par-
ticle is a proton, one would expect hadronic showers to
dominate; conversely if the primary is a neutrino, there
would be a large fraction of energetic charged leptons.
Black hole production from neutrino collisions, however,
proceed only through g interactions that are signicant
only for lighter black holes and at higher energies. Typ-
ically, the cross section for M
bh
= 50 TeV for D = 11 is





In summary, we have found that in models with large
extra dimensions and separated fermions the evapora-
tion spectrum of black holes signicantly changed once
the black hole horizon is smaller than the separation dis-
tance between quarks and leptons. For example, our esti-
mates suggest that black holes produced at hadron collid-
ers in this regime will emit a large multiplicity of jets over
leptons or photons. While we have concentrated on the
broad characteristics of black hole evaporation with sepa-
rated fermions, there are inevitably several improvements
that could be done to further rene our predictions; we
list a few of the more important ones: Throughout this
analysis we have neglected the angular momentum of
the black hole. In general, as argued in [2, 21], black
holes formed in colliders or cosmic-ray collisions are very
likely to have signicant angular momentum, and so ac-
counting for the spin-down phase is quite important to
accurately predict the energy and angular distributions
of the black hole emission. Another improvement is to
calculate the energy-dependent greybody factors for ar-
bitrary spacetime dimensionality. Another is to account
for the backreaction of high energy particle emission on
the black hole geometry; in particular, accounting for the
deviations from a thermal spectrum. Finally, new stringy
dynamics could alter the very nal evaporation spectrum
[22] depending on the relative hierarchy between M

and
the string scale. With evidence for black holes in hand,
we may well learn the spacetime structure and standard
model eld geography through a detailed analysis of par-
ticle counting and energy spectra resulting from black
hole evaporation.
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